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ABSTRACT Gln-41 on G-actin was specifically labeled with a fluorescent probe, dansyl ethylenediamine (DED), via
transglutaminase reaction to explore the conformational changes in subdomain 2 of actin. Replacement of Ca2+ with Mg2+
and ATP with ADP on G-actin produced large changes in the emission properties of DED. These substitutions resulted in blue
shifts in the wavelength of maximum emission and increases in DED fluorescence. Excitation of labeled actin at 295 nm
revealed energy transfer from tryptophans to DED. Structure considerations and Cu2' quenching experiments suggested that
Trp-79 and/or Trp-86 serves as energy donors to DED. Energy transfer from these residues to DED on Gln-41 increased with
the replacement of Ca2+ with Mg2+ and ATP with ADP. Polymerization of Mg-G-actin with MgCI2 resulted in much smaller
changes in DED fluorescence than divalent cation substitution. This suggests that the conformation of loop 38-52 on actin
is primed for the polymerization reaction by the substitution of Ca2+ with Mg2+ on G-actin.
INTRODUCTION
The atomic structure of G-actin was first solved for an
actin:DNaseI complex (Kabsch et al., 1990). The subse-
quent structures of gelsolin segment 1:actin (McLaughlin
et al., 1993) and profilin-,B-actin (Schutt et al., 1993) con-
firmed with only minor modifications the original G-actin
structure. Not surprisingly, the main difference in the struc-
ture of G-actin in these complexes was traced to the DNaseI
binding loop 38-52 and segment 200-207. In the gelsolin
segment 1:actin complex these two regions were poorly
defined, with residues 40-49 showing no electron density
(McLaughlin et al., 1993). This suggests that the 38-52
loop in subdomain 2 of G-actin is mobile or disorded.
The structure and structural transition in this region of
subdomain 2 appear important for at least three reasons.
First, the original (Holmes et al., 1990) and refined (Lorenz
et al., 1993) models of F-actin structure and the ribbon
,B-actin structure (Schutt et al., 1993) assign an important
role to the intermolecular contacts generated between the
residues of loop 38-52 and the adjacent monomer. Such
contacts and the involvement of this loop in actin polymer-
ization are consistent with the inhibition of polymerization
by the modification of His-40 (Hegyi et al., 1974), subtilisin
cleavage between residues 47 and 48 (Schwyter et al.,
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1989), and Escherichia coli A2 strain protease cleavage
between Gly-42 and Val-43 (Khaitlina et al., 1993). Second,
electron microscopy work of Orlova and Egelman (1992,
1993, 1995) and Orlova et al. (1995) implicated the changes
in subdomain 2 orientation in the metal- and nucleotide-
dependent changes in the flexibility and stability of F-actin.
Proteolytic digestion experiments confirmed that the con-
formation of subdomain 2, and in particular that of loop
38-52 and the sequence 61-69, changes with the substitu-
tion of Ca2+ with Mg2+ and ATP with ADP, in both G-actin
(Strzelecka-Golaszewska et al., 1993) and F-actin (Muhlrad
et al., 1994). These changes may underlie the known effects
of divalent cations and nucleotides on actin polymerization
(Estes et al., 1992). Third, the structural model of actin-
myosin complex predicts that one of the contacts between
these proteins involves residues between His-40 and Gly-42
on actin and Asn-552 and His-558 on myosin (Rayment
et al., 1993). In view of the strong evidence for dynamic
properties of the 38-52 loop in G- and F-actin and its likely
interaction with an adjacent actin monomer in F-actin, the
postulated binding of myosin to residues 40-42 on actin
could modulate the dynamic behavior of actin filaments
(Orlova and Egelman, 1993) and may have important func-
tional implications.
In this work we have taken advantage of the previous
finding of Takashi (1988) on specific labeling of Gln-41 on
actin via transglutaminase reaction to attach a spectroscopic
probe, dansyl ethylenediamine (DED), to this residue. The
probe reports on conformational changes in the N-terminal
part of the 38-53 loop and broadens significantly the scope
of questions about subdomain 2 that can be addressed
experimentally. Here, we show large spectral differences
between CaATP-, MgATP-, and MgADP-G-actins, and
document metal ion- and nucleotide-dependent changes in
energy transfer between tryptophan residues and the DED
probe on Gln-41 in G-actin. In a separate study we employ
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the Gln-41 probe for testing the putative interaction of
myosin with residues 40-42 on actin.
MATERIALS AND METHODS
Reagents
ATP and ADP, trypsin, and subtilisin Carlsberg were purchased from
Sigma Chemical Co. (St. Louis, MO). Bradford reagent was obtained from
Bio-Rad (Richmond, CA). 1,5-IAEDANS [N-(iodoacetyl)-N'-(5-sulfo-1-
naphthyl)ethylenediamine] and DED (dansyl ethylenediamine) were from
Molecular Probes (Eugene, OR).
Preparation of proteins
Actin from rabbit back muscle was prepared as CaATP-G-actin in Ca-G-
buffer (0.5 mM ,B-mercaptoethanol, 0.2 mM ATP, 0.2 mM CaCl2, and 5
mM Tris-HCl, pH 7.7) according to the method of Spudich and Watt
(1971). Microbial transglutaminase was obtained and purified as previ-
ously described (Huang et al., 1992). In contrast to transglutaminase from
guinea pigs, this enzyme does not require Ca21 for its activity.
DED labeling and the preparation of various
forms of actin
CaATP-G-actin (50 ,uM) was incubated with DED (100 ,LM) and 0.5
unit/ml of microbial transglutaminase in G-actin buffer supplemented with
ATP (up to 0.4 mM). The reaction was carried out for 2 h at room
temperature and was stopped by removing the excess of DED on Sephadex
G-50 spin columns equilibrated either with Ca-G-buffer (for CaATP-G-
actin preparations) or with Mg-G-buffer (0.2 mM EGTA, 0.5 mM /3-mer-
captoethanol, 0.2 mM ATP, 50 ,LM MgCl2, and 5 mM Tris-HCl at pH 7.7)
(for preparations of MgATP- and MgADP-G-actins). The eluted actin was
polymerized by 2.0mM CaCl2 (for CaATP-G-actin) or 2.0 mM MgCl2 (for
MgATP-G-actin) and pelleted in a Beckman airfuge to separate the trans-
glutaminase. The pelleted DED actin was resuspended and depolymerized
in either the Ca-G- or Mg-G-actin buffer. The subsequent preparation of
CaATP-, MgATP-, and MgADP-(DED)-G-actin followed the procedure
of Drewes and Faulstich (1991), as described by Muhlrad et al. (1994).
Before use, DED-G-actins were recentrifuged in a Beckman airfuge at
150,000 X g for 30 min.
The labeling stoichiometry of G-actin (between 0.90 and 1.05 DED/
actin) was determined spectrophotometrically by using the molar extinc-
tion coefficient ofDED at 334 nm (E = 4.8 X 103 M-1). The concentration
of DED-G-actin was determined by Bradford assay.
Proteolytic digestions of G-actin
Ca- and Mg-G-actins (0.1 mg/ml) were digested with subtilisin at a 500:1
ratio (w/w) of actin to protease, at 25°C in their corresponding Ca-G- and
Mg-G buffers. Other conditions, when used, are indicated in the figures.
The digestion was stopped at different times with 1 mM phenylmethylsul-
fonyl fluoride, and the reaction aliquots were analyzed by SDS-PAGE on
10% or 12.5% slab gels. Rates of digestion were determined by densito-
metric analysis of the undigested actin bands on these gels (Muhlrad et al.,
1994) and a single exponential fit of the resulting decay curves for the
uncleaved actin. Control subtilisin digestions of a synthetic substrate
(p-tosyl-L-arginine methylester) in Ca-G- and Mg-G-buffers were used for
the correction of G-actin digestion data for small effects of Ca2' and Mg21
on protease activity. Digestions of G-actin (1.0 mg/ml) with trypsin (0.04
mg/ml) were carried out in a Ca-G-actin buffer. These digestions were
stopped with soybean trypsin inhibitor and analyzed in the same way as
subtilisin digestions of actin.
Fluorescence measurements
All fluorescence measurements were carried out in a Spex Fluorolog
spectrofluorometer (Spex Industries, Edison, NJ) at 25°C. Spectra recorded
at different protein concentrations should not be numerically compared
because of different slit settings.
Analytical ultracentrifugation
Sedimentation velocity experiments were carried out at 56,000 rpm and
25°C in a Beckman Model E analytical ultracentrifuge equipped with a
photoelectric scanning system. Sedimentation boundaries of actin (2.0 ,uM)
were recorded at 232 nm. On-line data collection and data analysis was
done with a VAX 11/780 computer.
RESULTS
Characterization of DED-labeled actin
Earlier modification of Gln-41 on actin with dansyl cadav-
erine was carried out with the Ca2+-dependent guinea pig
transglutaminase (Takashi, 1988). Because a shorter probe
(DED) and a Ca2+-independent bacterial transglutaminase
were employed in this work, the labeling of Gln-41 on actin
was reexamined. Fig. 1 shows the incorporation of DED
into Ca-G-actin and Ca-F-actin. In analogy to the previous
study (Takashi, 1988), the labeling of Ca-G-actin by DED is
rapid and saturates at 1.00 ± 0.05 DED:actin. In contrast to
this and the earlier work, the labeling of F-actin by DED
was much slower, and even after a 160-min reaction only a
small fraction of actin was modified. It appears that the
earlier, much more efficient labeling of Gln-41 on F-actin
by dansyl cadaverine (Takashi, 1988) might have been
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FIGURE 1 DED labeling of G- and F-actin via transglutaminase reac-
tion. The labeling of Ca-G- and Mg-F-actin (2.0 mg/ml) with DED (100
,uM) was carried out in the presence of 0.5 unit/ml of microbial transglu-
taminase at 23°C. Ca-G-actin (-) was labeled in Ca-G-actin buffer con-
taining 0.4 mM ATP; F-actin (U) was modified in the same buffer sup-
plemented with 2.0 mM MgCl2. Labeling stoichiometry (molar ratios of
DED/actin) was determined spectrophotometrically on aliquots of the
reaction mixture after TCA (10%) precipitation of actin and its resuspen-
sion in 0.05 M NaOH.
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caused by incomplete polymerization of Ca-G-actin by
Ca21 under the conditions employed in that work.
The results of DED modifications shown in Fig. 1 sug-
gested that Gln-41 labeling should be carried out on G-actin.
The specificity of such labeling for Gln-41 (Takashi, 1988)
was checked by subtilisin cleavage of DED-labeled G-actin
between Met-47 and Gly-48. The smaller, 47-residue frag-
ment contains a single glutamine residue at position 41. If
the labeling is indeed specific for Gln-41, then the larger,
35-kDa fragment of actin should not carry any fluorescent
probe. The inset to Fig. 2 shows that the labeling specificity
in our system is as good as previously described (Takashi,
1988). The fluorescence image (lane 5) of the cleaved
DED-G-actin products obtained after a 15-min subtilisin
digestion reaction does not reveal any probe in the 35-kDa
actin fragment (residues 48-374). The fluorescent label can
only be detected in either the smaller N-terminal 9-kDa
actin fragment (residues 1-47) or in the intact actin. This
result and the equimolar labeling of G-actin by DED con-
firm the specificity of Gln-41 modification in the transglu-
taminase reaction.
Kinetic analysis of subtilisin cleavage of Ca-G-actin and
the DED-labeled G-actin is shown in Fig. 2. The progress of
actin digestion was monitored by densitometric scanning of
SDS gels of the reaction aliquots. Representative gels of
such a digestion reaction, after a 5-min subtilisin cleavage
of actin, are shown in lanes 2 and 3 of the inset to Fig. 2.
Clearly, identical cleavage products were generated in di-
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gestions of both labeled and unlabeled actin. The plots of
undigested actin vs. time fitted a single exponential expres-
sion and yielded the first-order cleavage rates of 0.30 ±
0.03 min-' and 0.12 ± 0.01 min-' for the unmodified and
DED-labeled G-actin. Thus, the labeling of Gln-41 by DED
decreased by about 2.5-fold the rate of subtilisin cleavage of
G-actin between Met-47 and Gly-48.
Previous proteolytic digestion studies on G-actin demon-
strated a structural relationship between loop 38-52 and the
tryptically sensitive region between Lys-61 and Lys-68 on
actin (Strzelecka-Golaszewska et al., 1993). To test the
extent of structural perturbation of subdomain 2 by Gln-41
labeling, tryptic digestions of unmodified and DED-labeled
G-actin were compared. The same products and similar
digestion rates (not shown) were observed for both materi-
als. This shows that Gln-41 labeling introduces only local
changes in the loop 38-52 and that these changes do not
spread to the Lys-61 and Lys-68 region.
Metal- and nucleotide-dependent conformational
changes in subdomain 2 of G-actin
Emission spectra of DED-labeled actin in the CaATP,
MgATP, and MgADP forms of G-actin are shown in Fig. 3.
All spectra were recorded at 1.0 ,uM protein concentrations
and with Aex = 334 nm. The spectra reveal striking differ-
ences in the environment of the Gln-41 probe in the three
forms of G-actin. These changes are considerably larger
than the previously observed spectral perturbations of Cys-
374 probes caused by similar replacements of Ca21 with
Mg2+ and ATP with ADP on G-actin (Carlier et al., 1986;
Zimmerle et al., 1987; Estes et al., 1987). The increases in
the quantum yield of DED and the blue shifts in the Amax
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FIGURE 2 Time dependence of subtilisin digestion of G-actin. Unla-
beled (-) and DED-labeled (U) Ca-ATP-G-actins (1.0 mg/ml) were di-
gested with subtilisin (1.0 ,ug/ml) in Ca-G-actin buffer at 23°C. The
amount of uncleaved actin in each reaction aliquot was determined by
densitometric analysis of actin bands on SDS PAGE. The cleavage rates for
unlabeled and DED-labeled actin were 0.30 ± 0.03 and 0.12 ± 0.01
min-1, respectively. Inset: representative gels of the digestion reaction.
Lanes 1-3 show Coomassie blue-stained undigested actin (1), unlabeled
actin after 5 min of cleavage (2), and DED-labeled actin cleaved for 5 min
(3). Only the intact actin (upper band) and the main 35-kDa cleavage
product are visualized on these gels. Lanes 4 and 5 show the fluorescence
images of undigested and digested (15 min) DED-labeled G-actin.
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FIGURE 3 Emission spectra of DED-labeled G-actin. Solid trace,
CaATP-G-actin; dashed trace, MgATP-G-actin; dotted trace, MgADP-G-
actin. All spectra were taken at 1.0 ,uM G-actin with Aex = 334 nm.
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values of its emission, upon replacement of Ca2+ (Amax =
536 nm) by Mg2+ (Amax = 511 nm) in ATP-G-actin, or
ATP with ADP (Amax = 507 nm) in Mg-G-actin, suggest a
transfer of the probe to a more hydrophobic environment
and a partial rearrangement of the 38-52 loop. This rear-
rangement is also indicated by fluorescence polarization
measurements (Aex = 334, Aem = 520 nm), which yielded
anisotropy values of 0.178, 0.200, and 0.205 for CaATP-,
MgATP-, and MgADP-G-actins.
Previous proteolytic digestion experiments showed met-
al- and nucleotide-dependent changes at the subtilisin cleav-
age site, between Met-47 and Gly-48, and in the 61-68
region on actin (Strzelecka-Golaszewska et al., 1993). Thus,
the spectral changes shown in Fig. 3 can be related to larger,
overall transitions in loop 38-52. This was confirmed by
observing a threefold slower subtilisin cleavage of MgATP-
labeled than that of CaATP-labeled and unlabeled G-actin
(not shown).
Because the polymerization of DED-G-actin is also ac-
companied by an increase in the quantum yield of the probe,
it is important to establish that the metal and nucleotide
substitutions in G-actin do not cause its oligomerization. To
avoid such a risk, the emission spectra were taken in most
cases at 1.0 ,uM actin, i.e., below its critical concentration
for polymerization at the Ca2+ and Mg2+ concentrations
used in this work (Attri et al., 1991). Importantly, also,
sedimentation velocity experiments did not detect the pres-
ence of oligomers in G-actin solutions. Sedimentation
boundaries recorded at A = 232 nm and at an actin concen-
tration of 2.0 ,uM (at 25°C) did not reveal any fast sedi-
menting component in unlabeled CaATP-G-actin and DED-
labeled CaATP-, MgATP-, and MgADP-G-actin. All actins
sedimented as monomers, with S20O w = 3.20 + 0.1OS (Attri
et al., 1991). Thus, it may be concluded that the spectra
presented in Fig. 3 show conformational changes between
monomeric forms of G-actin. Also, the identical s20' wval-
ues suggest that the anisotropy differences between CaATP-
and MgATP-DED-G-actins reflect local changes around the
probe and its greater immobilization in the MgATP-actin
monomer.
Energy transfer from tryptophans to DED
on GIn-41
Excitation of MgATP-DED-G-actin at 295 nm produced
two emission bands, the tryptophan band centered at 340 nm
and the DED peak with Amax at 511 nm (Fig. 4, dashed
trace). The intensity of DED fluorescence was higher when
excited at 295 nm than at the Amax for the excitation of this
probe (334 nm). This suggested energy transfer from actin's
tryptophans to the Gln-41 probe. Such an energy transfer
was confirmed by recording tryptophan fluorescence of
unlabeled MgATP-G-actin (Fig. 4, solid trace) under iden-
tical experimental conditions. The decreased intensity of
tryptophan emission at 340 nm in DED-G-actin, compared
to that of unlabeled actin, can be ascribed to energy transfer
to DED.
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FIGURE 4 Emission spectra of Mg-ATP G-actin excited at 295 nm.
Solid trace, unlabeled MgATP-G-actin (5.0 ,uM); dashed trace, DED-
labeled MgATP-G-actin (5.0 ,uM).
A comparison of emission spectra of 1.0 ,tM DED-G-
actin (Aex = 295 and 334 nm) for the CaATP, MgATP, and
MgADP monomers (Figs. 3 and 5) reveals energy transfer
from tryptophans to DED in all cases. It is instructive to
compare the ratios of emission intensities at Aem = 530 nm
for excitations at 295 and 334 nm. These ratios, Iex,295/ex, 334,
derived from excitation spectra of free DED (in Mg-G-actin
buffer) and 1.0 ,M DED-actins (data not shown), and
multiplied by a factor of 1.65 to account for the different
absorption coefficients of DED at 295 and 334 nm, were
1.09, 1.70, 2.40, and 2.60 for free DED and CaATP-,
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FIGURE 5 Emission spectra of DED-labeled G-actin. All spectra were
taken at 1.0 ,uM G-actin with Aex = 295 nm. Solid trace, CaATP-G-actin;
dashed trace, MgATP-G-actin; dotted trace, MgADP-G-actin.
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MgATP-, and MgADP-labeled G-actins, respectively.
These ratios verify energy transfer from tryptophans to
DED and indicate that the efficiency of this process in-
creases with the replacement of Ca2+ by Mg2+ and ATP by
ADP. A better estimate of energy transfer changes is ob-
tained from the tryptophan fluorescence of G-actin in the
presence and absence of DED (Fig. 4 and similar plots for
CaATP- and MgADP-G-actin). The efficiencies of energy
transfer calculated from such spectra (R. = 21 A; Wu and
Brand, 1994) are 21.4%, 31.2%, and 40.7% for CaATP-,
MgATP-, and MgADP-G-actin, respectively. As docu-
mented below, these changes in energy transfer probably
reflect the changes in a distance between DED on Gln-41
and Trp-79 and/or Trp-86.
Tryptophans 79, 86, 340, and 356 on G-actin and
energy transfer to DED on GIn-41
Distance considerations based on the atomic structure of
G-actin (Kabsch et al., 1990) and the Forster distance (Ro =
21A; Wu and Brand, 1994) for the dansyl-tryptophan
pair lead to the prediction of theoretical efficiencies of
energy transfer from actin's tryptophans to DED on Gln-41
(Table 1). These calculations have only limited value be-
cause they are based on the atomic position of Gln41 in the
DNaseI:actin complex (Kabsch et al., 1990). The position of
Gln-41 is most likely different in the uncomplexed actin
(McLaughlin et al., 1993) and is probably changed by DED
labeling. Also, the relative contribution of each tryptophan
to the overall tryptophan quantum yield of G-actin is not
known, further complicating numerical analysis of their
respective energy transfer contributions. Despite these qual-
ifications, the theoretical efficiencies of energy transfer
suggest that only Trp-79 and/or Trp-86 participates in this
process.
This conclusion can be checked by quenching the tryp-
tophan fluorescence in G-actin by Cu2+ (Lehrer and
Kerwar, 1972). The quenching is due to a strong and spe-
cific Cu2+ binding to Cys-374 on actin and its spectral
overlap with tryptophan emission. The quenching should be
efficient for Trp-340 and Trp-356, which are located 18.2 A
and 15.2 A from Arg-372, respectively, i.e., within Forster
distance for the Cu2+-tryptophan pair (20 A; Lehrer and
TABLE 1 Calculated efficiencies of energy transfer from
actin's tryptophans to DED on GIn-41
Distance Efficiency of transfer
Tryptophan A (%)
Trp-79 24.8 26.9
Trp-86 25.4 24.2
Trp-340 40.0 2.1
Trp-356 44.8 1.0
The distance from Gln-41 to actin's tryptophans was determined by using
the KINEMAGE program and the atomic coordinates of G-actin (Kabsch
et al., 1990). The Forster distance for the dansyl-tryptophan pair, R. =
21A, was taken from Wu and Brand (1994).
Kerwar, 1972). (The distance from tryptophans to Arg-372
instead of to Cys-374 is measured because the atomic struc-
ture of G-actin lacks the last three residues.) If Trp-340 and
Trp-356 transfer energy to DED on Gln-41 then the quench-
ing of their fluorescence by Cu2+ should decrease the
transfer of energy. Emission spectra of 1:1 complexes of
MgATP (DED) G-actin (Fig. 6 a) and CaATP-(DED)-G-
actin (not shown) with Cu2+ do not reveal any significant
spectral changes in the DED band using both Aex = 295 and
334 nm. In the latter case (Aex = 334) perturbation of DED
fluorescence by Cu2+ was indeed not expected because
of the lack of spectral overlap between them. However,
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FIGURE 6 Emission spectra of DED-labeled G-actin in the presence and
absence of Cu2+. (a) Spectra of MgATP-G-actin (1.0 ,M) in the absence
(solid trace) and presence (dashed trace) of 1.0 ,M Cu2+. The spectra
were recorded with Aex set at 295 nm (A traces) and 334 nm (B traces).
(b) Spectra of MgADP-G-actins (1.0 ,uM) in the absence (solid trace) and
presence (dashed trace) of 1.0 ,uM Cu2+. The spectra were recorded with
A,ex set at 295 nm (A traces) and 334 nm (B traces).
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the strong quenching by Cu2+ of tryptophan emission
(Aem = 340 nm) in the labeled MgATP-G-actin (Fig. 6 a, A
traces) without a significant change in the DED fluores-
cence peak supports the conclusion derived from Table 1
that Trp-340 and Trp-356 are unlikely to transfer energy to
DED on Gln-41. Thus, it appears that metal-dependent
changes in energy transfer from tryptophans to DED orig-
inate from changes in the distance between Trp-79 and/or
Trp-86 and DED on Gln-41 in G-actin.
Cu21 probing of MgADP-G-actin
As shown in Figs. 3 and 5, the substitution of ATP by ADP
in Mg-DED-G-actin induced changes in DED fluorescence
and in the energy transfer from tryptophans to DED (Fig. 5).
In contrast to CaATP- and MgATP-G-actins (Fig. 6 a), the
DED fluorescence of MgADP-G-actin was partially
quenched by equimolar amounts of Cu2+ for emission spec-
tra taken at both Aex = 295 nm (Fig. 6 b, A traces) and Aex
= 334 nm (Fig. 6 b, B traces). In the latter case, the effect
of Cu2I must indicate a structural perturbation of the
Gln-41 region because there is no spectral overlap between
the probe and the metal. This result can be rationalized by
the findings of Drewes and Faulstich (1991). These authors
reported on local, reversible perturbation, and/or unfolding,
in MgADP-G-actin, which leads to a specific exposure of
Cys-10 on actin to thiol reagents and a reduced inhibition
of DNase I activity.
To verify that the quenching of DED-MgADP-G-actin
fluorescence by Cu2+ is related to its binding to cysteine
residues other than Cys-374, we employed IAEDANS-la-
beled G-actin. The modification of Cys-374 by LAEDANS
blocks the binding of Cu2I to this residue. Accordingly,
addition of Cu2+ to IAEDANS-labeled CaATP-G-actin did
not result in any significant quenching of tryptophan and
IAEDANS fluorescence (Fig. 7 a). On the other hand,
addition of Cu2+ to the MgADP form of IAEDANS-labeled
actin caused a significant quenching of IAEDANS and
some decrease in tryptophan fluorescence (Fig. 7 b). This
result is consistent with the reported structural differences
between MgADP and MgATP-G-actins (Drewes and Faul-
stich, 1991) and suggests that DED quenching by Cu2+ in
MgADP-G-actin may be caused by the binding of metal to
the exposed Cys-10 residue and the resulting changes in
actin and particularly in the environment of Gln-41.
Polymerization of G-actin alters the environment
of Gln-41
It has been reported before that the polymerization of dan-
syl-cadaverine-labeled CaATP-G-actin by Mg2+ is accom-
panied by a twofold increase in the fluorescence of the
Gln-41 probe and a blue shift in its Ama. (Takashi, 1988). As
shown in this work, the substitution of Ca2+ by Mg2+ in
G-actin causes similar changes in DED fluorescence. Thus,
to detect polymerization-related changes in the Gln-41 en-
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FIGURE 7 Emission spectra of LAEDANS-labeled G-actin in the pres-
ence and absence of Cu2+. (a) Spectra of MgATP-G-actin (1.0 JIM) in the
absence (solid trace) and presence (dashed trace) of 1.0 ,uM Cu2+. The
spectra were recorded with Aex set at 295 nm (A traces) and 337 nm (B
traces). (b) Spectra of MgADP-G-actin (1.0 ,uM) in the absence (solid
trace) and presence (dashed trace) of 1.0 ,uM Cu2+. The spectra were
recorded with Aex set at 295 nm (A traces) and 337 nm (B traces).
vironment, MgATP- and CaATP-G-actins were polymer-
ized with 2.0 mM MgCl2 and CaCl2, respectively. Fig. 8
shows DED spectra of MgATP-G-actin and Mg-F-actin
(both at 5.0 ,uM) after excitation at Aex = 334 nm (B traces)
and 295 nm (A traces). The polymerization of G-actin
induced a small increase in the fluorescence intensity of
DED (for Aex = 334 nm) and a Amax shift from 511 to 520
nm. The fluorescence increase is significantly larger upon
excitation of G- and F-actin at 295 nm because of the
readily visible increase in energy transfer from tryptophans
to DED (Fig. 8, group A traces). It should be noted, how-
ever, that the polymerization of unlabeled Mg-G-actin is
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FIGURE 8 Emission spectra of DED-labeled G- and F-actins. The spec-
tra of MgATP-G-actin (dashed trace) and Mg-F-actin (solid trace) were
recorded at 5.0 ,uM actin with Aex set at 295 mm (A traces) and 334 nm (B
traces).
accompanied by an approximately 25% decrease in trypto-
phan emission at 340 nm (see also Lynn et al., 1994). Thus,
only about a 15% decline in the intensity of tryptophan
fluorescence in Mg-F-actin can be ascribed to the increased
energy transfer to DED. The attribution of this increase in
energy transfer to changes in distance is complicated by the
possible contribution of Trp-340 and/or Trp-356 to that
process in F- but not in G-actin. This possibility is supported
by a significant decrease in energy transfer to DED by Cu2+
in F-actin (data not shown) and not in MgATP-G-actin.
In contrast to relatively small changes in DED fluores-
cence of MgATP-G-actin with actin polymerization (Fig. 8,
group B traces), the fluorescence of this probe was blue
shifted and increased by about twofold upon polymerization
of CaATP-G-actin by CaCl2 (data not shown). These results
suggest that the conformation of the 38-52 loop (or its
N-terminal part) in Mg-G-actin may be closer to that in
F-actin than in Ca-G-actin.
DISCUSSION
The goal of this work has been to introduce a fluorescent
probe into the 38-52 loop on actin and employ it for the
exploration of conformational states of subdomain 2. The
interest in this region of actin is related to the recent dem-
onstration that subdomain 2, and the loop 38-52 and seg-
ment 61-69 in particular, undergo divalent cation-depen-
dent and nucleotide-dependent changes in their proteolytic
susceptibilities (Strzelecka-Golaszewska et al., 1993). The
changes induced by Mg2+ could be interpreted as a "folding
inward" of loop 38-52, which is either highly mobile or not
structured in CaATP-G-actin (McLaughlin et al., 1993).
Importantly, also, the changes in subdomain 2 of G-actin
could be linked to the known effects of MgCl2 and ADP
on the polymerization of actin and its inhibition by var-
ious modifications of subdomain 2 residues (Strzelecka-
Golaszewska et al., 1993). Moreover, as elegantly dem-
onstrated by Orlova and Egelman (1993), Mg2+- and
Ca2+- polymerized actin filaments show different struc-
tural stabilities and orientations of subdomain 2.
MgATP-G-actin
The results of this work provide spectroscopic evidence for
conformational changes around Gln-41 on actin upon re-
placement of Ca2+ with Mg2+ and ATP with ADP in
G-actin. The large changes in fluorescence intensity and
Amax of DED emission observed for these conversions
called for special attention to the possible oligomerization
of actin by Mg2+ and ADP. Such a possibility was mini-
mized by working well below the critical concentration for
polymerization of G-actin (12.5 ,uM at 100 ,uM MgCl2;
Attri et al., 1991); most spectra were recorded at 1.0 ,uM
G-actin, in the presence of 50 ,uM MgCl2, after only a brief
equilibration to 25°C. More importantly, sedimentation ve-
locity experiments ruled out the presence of any significant
fraction of oligomers in G-actin solutions. Finally, the po-
lymerization of Mg-G-actin by MgCl2 resulted in a small
but signficant red shift in m. of DED, from 511 to 520 nm,
i.e., in a direction opposite that of the change associated
with CaATP- to MgATP-G-actin conversion (Fig. 8).
The above considerations lead to the conclusion that the
major change in the Gln-41 region on actin occurs with
the formation of Mg-G-actin, and its subsequent polymer-
ization is accompanied by a smaller perturbation of this site.
In other words, according to DED fluorescence, the N-
terminal part of loop 38-52 assumes an "F-actin-like" state
in Mg-G-actin. Notably, tryptic digestion of Ca-G-actin and
Mg-G-actin provided similar information on segment
61-69 on actin, revealing its considerable protection from
cleavage in Mg-G-actin (Strzelecka-Golaszewska et al.,
1993). Thus, it appears that a significant part of subdomain
2, not just the Gln-41 site, assumes "F-actin-like" confor-
mation in Mg-G-actin, facilitating its polymerization into
filaments. Such a possibility was raised in earlier studies
(Estes and Gershman, 1978), but in that work actin was
probably in the oligomeric form (Newman et al., 1985; Attri
et al., 1991).
Additional information on nucleotide- and divalent cat-
ion-induced changes in the structure of subdomain 2 on
actin can be derived from energy transfer from tryptophans
to DED documented in this work. Despite uncertainties
related to the atomic coordinates of Gln-41 in G-actin free
of DNaseI, and after DED labeling, the predicted efficien-
cies of energy transfer from actin's tryptophans to DED are
instructive (Table 1). These estimates, which show that
energy transfer to DED on Gln-41 in G-actin must be
limited to Trp-79 and/or Trp-86, are supported by Cu2+
quenching experiments (Fig. 6 a). The efficiency of energy
Biophysical Journal2030
Kim et al. Fluorescence Probing of Subdomain 2 on Actin 2031
transfer in CaATP-G-actin (21.4%) is in good agreement
with the efficiency calculated for Trp-79 and/or Trp-86 in
Table 1. More importantly, energy transfer measurements
suggest that the distance between Gln-41 and Trp-79 and/or
Trp-86 decreases in MgATP and MgADP-G-actins relative
to that in Ca-ATP-G-actin. Quantitative estimates of such
movements are not warranted because of the possible in-
volvement of two tryptophan donors in the energy transfer
process and four tryptophans in tryptophan fluorescence.
However, these results strengthen the conclusion on a sig-
nificant structural rearrangement of subdomain 2 in G-actin.
It is pertinent to note that Mg-induced changes in G-actin
are not limited to subdomain 2; they spread to the 18-29
(Mejean et al., 1988; Adams and Reisler, 1994) and C-
terminal (Strzelecka-Golaszewska et al., 1993) segments of
subdomain 1.
MgADP-G-actin
The replacement of ADP with ATP in Mg-G-actin resulted
in additional changes, an increase in the fluorescence of
DED, a blue shift in the Amax of its emission (from 511 to
507 nm), and an increase in energy transfer from trypto-
phans to DED. In contrast to these incremental spectral
changes, Cu2+ quenching of tryptophan emission had qual-
itatively different effects on DED fluorescence in MgADP-
and MgATP-G-actins. In MgADP-G-actin, but not in
MgATP-G-actin, the quenching of tryptophan fluorescence
by Cu2+ was accompanied by a partial loss of energy
transfer to DED (Fig. 6 b). However, because Cu2+
quenched DED fluorescence on MgADP-G-actin also more
directly, after excitation at A = 334 nm, it was clear that
additional factors contribute to the spectral changes in
MgADP-G-actin. This contention was verified by showing
that in G-actin labeled with IAEDANS at Cys-374 Cu2+
quenched tryptophan and IAEDANS fluorescence in
MgADP-G-actin but not in Ca-ATP- and MgATP-G-actin.
On the assumption that Cu2+ is chelated to Cys-10 (Drewes
and Faulstich, 1991) in MgADP-G-actin, our results suggest
that such a chelation causes, or perhaps amplifies widely
spread changes in actin, including those occurring at the
Cys-374 and Gln-41 sites. Changes in the DNase I binding
site on G-actin after the exposure of Cys-10 to thiol reagents
in MgADP-G-actin were also reported by Drewes and
Faulstich (1991).
Polymerization of G-actin
As indicated before, the polymerization of MgATP-G-
actin by MgCl2 shifts the Amax of DED emission and
results in a small increase in the fluorescence of this
probe. A much larger spectral change, associated with the
polymerization of Mg-G-actin, which reflects an increase
in energy transfer from tryptophans to DED (Fig. 8),
raises a question about possible changes in the distance
between the probe and tryptophans. However, the inter-
pretation of such changes is complicated by the fact that
according to the model of F-actin structure (Holmes
et al., 1990; Lorenz et al., 1993; Tirion et al., 1995),
additional tryptophans (Trp-340 and Trp-356) could be-
come energy donors to DED in the actin polymer. This
possibility has been verified by the observation that Cu2+
bound to Cys-374 reduced energy transfer from trypto-
phans to DED in Mg-F- but not in Mg-G-actin. Such a
quenching in the polymer can be easily rationalized if
Trp-340 and/or Trp-356 become energy donors to DED;
these residues are readily quenched by Cu2+. These re-
sults and considerations do not preclude a change in
distance between Gln-41 and Trp-79 and/or Trp-86 upon
actin polymerization. It can be predicted on the basis of
the Lorenz et al. (1993) model of F-actin structure that
the distance between Gln-41 and Trp-86 should remain
invariant and that between Gln-41 and Trp-79 should
increase by close to 3 A upon polymerization of actin.
Interestingly, as shown in this work, the substitution of
Ca2+ with Mg2+ on G-actin leads to an opposite change,
a decrease in the distance between Gln-41 and Trp-79
and/or 86.
In conclusion: our results show that DED labeling of
Gln-41 provides a sensitive probe of conformational rear-
rangements in subdomain 2 of actin. Our results document
large spectroscopic changes associated with the replacement
of Ca2+ with Mg2+ and ATP with ADP and show that these
substitutions change the position of Gln-41 with respect to
Trp-79 and/or Trp-86. Moreover, the spectral data reveal
that the major change in the environment of Gln-41 occurs
with the conversion of Ca-G-actin to Mg-G-actin, perhaps
priming this site for the polymerization of actin. Additional,
albeit smaller changes occur in this region with the poly-
merization of actin.
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